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Résumé
L'objectif de cette étude a été de rechercher les effets d'une altération de l'environne-
ment masticatrice fonctionnelle et mécanique sur la morphologie et la structure de la 
mandibule chez le rat en croissance.  
La capacité fonctionnelle des muscles masticateurs a été influencée par un change-
ment dans la consistance de la nourriture. Une altération des exigences mécaniques 
masticatrices a été atteinte par l'insertion d'une plaque de surélévation postérieure fixe.
Les hémi-mandibules gauches de 104 rats ont été recueillies. Une analyse 
morphométrique, une estimation de la densité osseuse et une évaluation 
tridimensionnelle de la microstructure osseuse ont été effectuées.  
Mise à part l'inhibition de la croissance verticale de l'os alvéolaire, l'appareillage a 
conduit à une modification de la morphologie structurelle de la mandibule qui a été 
influencée par la capacité fonctionnelle des muscles masticateurs. Ces résultats pour-
raient signifier que les effets d'une plaque de surélévation sont différents selon les ca-
ractéristiques des muscles masticateurs. 
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PREFACE 
 
 
 
Cette thèse de doctorat se base sur les publications originales suivantes, auxquelles on se réfé-
rera par leurs chiffres romains: 
 
 
 
I. Morphometric analysis of the mandible in growing rats with different masticatory func-
tional demands: adaptation to an upper posterior bite block. Eur J Oral Sci 2004 (ac-
cepted for publication). 
 
 
II. Effect of different masticatory functional and mechanical demands on the structural adap-
tation of the mandibular alveolar bone in young growing rats. Bone 2004 (accepted for 
publication). 
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1. INTRODUCTION 
 
 
La structure interne tridimensionnelle et élaborée de l’os s’adapte constamment à son 
environnement fonctionnel, par modelage et remodelage, au travers de processus enlevant de 
l’os existant et déposant de l’os nouveau. A la fin du 18ème siècle déjà, Roux introduisit le 
principe d’adaptation fonctionnelle en tant que propriété auto-organisante du tissu osseux, et 
Wolff (1892) résuma les hypothèses de son époque dans la « loi du remodelage osseux », la-
quelle prétend que le chargement mécanique de l’os est accompagné par une architecture os-
seuse, aussi bien interne qu’externe, qui est mathématiquement prévisible. Des résultats de 
recherche plus récents suggèrent que l’os se remodèle afin de mieux supporter le chargement 
mécanique. La correspondance entre la structure trabéculaire, la densité osseuse, et le char-
gement mécanique a été démontrée dans de nombreuses études (Smitt et al., 1997; Mullender 
et al., 1998; Huiskes et al., 2000). Le fait que les éléments du squelette reflètent, jusqu’à un 
certain degré, leur environnement mécanique in vivo est une supposition de base dans les étu-
des de morphologie comparative. 
Le processus d’adaptation physiologique osseuse est composé de trois processus ma-
jeurs : ossification, modelage et remodelage. Pendant le développement embryonnaire, aux 
stades de croissance initiaux, ainsi que durant la guérison, l’os se forme sur des tissus mous 
fibreux (ossification intra-membranaire) ou sur du cartilage (ossification endochondrale). Le 
tissu osseux existant peut augmenter ou diminuer ses dimensions pendant la croissance et la 
guérison au travers du modelage. Néanmoins, le seul mécanisme physiologique d’adaptation 
osseuse dans le squelette adulte est le remodelage. Ce dernier se déroule jusqu’à la mort, et a 
comme but le maintien de l’homéostasie osseuse.  
 7
La réponse adaptative de l’os à la charge mécanique a été le sujet de plusieurs études 
exécutées in vivo depuis 1970 (Chamay and Tschantz, 1972; Carter et al., 1980; Rubin and 
Lanyon, 1982; Rubin and Lanyon, 1984). Leurs résultats ont conduit à l’élaboration de la 
théorie du « mécanostat » (Frost, 1987). Frost a soutenu que le squelette adolescent est beau-
coup plus sensible aux stimuli mécaniques, du fait de sa capacité de modelage et remodelage, 
que le squelette adulte qui peut seulement se remodeler. Selon lui, le stimulus mécanique doit 
dépasser un seuil afin que la formation osseuse soit initiée. Si, par contre, une valeur-plafond 
est dépassé, ce sera la résorption de l’os qui sera initiée. D’après cette théorie, une déforma-
tion au-delà de 4000-5000 µ strain devrait endommager le squelette et causer une réponse 
adaptative pathologique entraînant la résorption par modelage et remodelage. L’utilisation de 
simulations numériques est une autre approche de l’étude de l’adaptation mécanique osseuse 
(Hart et al., 1984; Fyhrie, 1986; Huiskes et al., 1987). Ces modèles mathématiques peuvent 
prévoir le schéma d’adaptation de la structure osseuse, et confirment, jusqu’à un certain de-
gré, la théorie de Frost, bien que pouvant difficilement être validés.  
Les muscles fournissent un stimulus mécanique important pour la formation de l’os en 
exerçant une charge plus grande que le poids corporel (Burr, 1997). Plusieurs études cliniques 
(Ueda et al., 2000; Farella et al., 2003; Garcia-Morales et al., 2003) et animales (Ciochon et 
al., 1997; Langenbach et al., 2002) suggèrent une relation entre la fonction des muscles mas-
ticatoires et l’adaptation squelettique de la région craniofaciale. Les appareillages fonction-
nels utilisés en orthodontie clinique déplacent la mandibule en avant et/ou vers le bas, causant 
ainsi l’étirement des tissus mous orofaciaux. Les forces qui en résultent sont directement ou 
indirectement transmises aux tissus dento-squelettiques, ce processus pouvant conduire à la 
correction de la malocclusion existante. Ils sont largement utilisés pour la correction de dys-
harmonies sagittales et verticales chez les patients en croissance. Un exemple d’une telle ap-
plication est la plaque de surélévation (bite block), laquelle est utilisée pour désengager 
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l’occlusion et/ou inhiber l’éruption dentaire, dans la mesure où elle est constamment présent 
entre les dentitions supérieures et inférieures (Kiliaridis et al., 1990; Kuster and Ingervall, 
1992; Sankey et al., 2000). 
Dans un modèle rat, il a été démontré que la capacité fonctionnelle des muscles masti-
cateurs peut être altérée, d’une manière reproduisible, en changeant la consistance de la nour-
riture (Kiliaridis and Shyu, 1988; Kiliaridis et al., 1988; Liu et al., 1998). Ce modèle a été 
auparavant utilisé afin de rechercher l’effet d’un étirement musculaire prolongé, induit par 
une surélévation posterosuperieure fixe, sur la longueur du masseter  profond chez le rat en 
croissance (Bresin et al., 2000). Il a été constaté que l’étirement initial des tissus musculaires 
a provoqué un processus d’adaptation, lequel a conduit à la normalisation de la longueur du 
corps musculaire en 4 semaines. Pendant cette période, on a démontré que les forces, exercées 
au travers de l’appareillage sur les molaires inférieures, ont inhibé leur éruption, de même que 
la croissance verticale du processus alvéolaire de la mandibule (Bresin and Kiliaridis, 2002). 
La mandibule doit fournir des sites d’attachement pour les muscles masticatoires et 
être suffisamment forte pour résister aux forces imposées, en maintenant des relations biomé-
triques optimales entre les articulations, les dents, et les points où les forces musculaires sont 
exercées. Le ramus mandibulaire est soutenu intérieurement par un arc renforcé, ayant à ses 
extrémités d’un côté l’incisive et de l’autre le condyle, ainsi que par les molaires qui sont fer-
mement attachées à son centre. Les forces de pliage principales, auxquelles il est soumis, con-
sistent en des forces réactionnelles sur l’incisive et le condyle pendant l’incision (Weijs and 
Dantuma, 1975). En calculant les forces agissant sur les molaires pendant la phase puissante 
de la mastication, il a été démontré que la mâchoire est en équilibre dans cette position, sans 
aucune charge de l’articulation temporo-mandibulaire (ATM). Cependant, l’ATM est 
fortement chargée pendant la phase incisive de l’ingestion, car elle fonctionne comme un le-
vier de troisième ordre (Hiiemae, 2000). 
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Chaque moitié de la mâchoire inférieure du rat (hémi-mandibule) consiste en différen-
tes unités fonctionnelles : le processus alvéolaire qui abrite les incisives en éruption conti-
nuelle, le processus alvéolaire des molaires, ainsi que les processus angulaire, coronoïde et 
condylaire, ces derniers étant tous des sites d’attachement pour les principaux muscles masti-
cateurs (Avis, 1961). La grandeur et la forme de ces processus sont déterminées par le déve-
loppement relatif et l’organisation des muscles adducteurs (Burr, 1997). Chez le rat, le pro-
cessus coronoïde sert principalement en tant que site d’attachement pour le muscle temporal, 
alors que les muscles masseter et ptérygoïde médial s’insèrent surtout dans le processus angu-
laire. Il est connu que l’anatomie des processus coronoïde et angulaire reflète le développe-
ment relatif des muscles qui y sont attachés (Hiiemae, 2000). Ceci fait de la mandibule du rat 
un excellent modèle pour étudier l’effet d’un environnement mécanique altéré sur le mode-
lage et le remodelage osseux pendant la croissance.  
L’objectif de la présente étude a été de rechercher l’effet d’un environnement fonc-
tionnel et mécanique altéré sur la forme et la structure de la mandibule chez le rat en crois-
sance. Un modèle rat décrit précédemment a été adopté (Bresin et al., 2000), dans lequel 
d’une part, la capacité fonctionnelle des muscles masticatrices a été influencée par le chan-
gement de consistance de la nourriture, et d’autre part, une altération des exigences mécani-
ques masticatrices a été obtenue par l’insertion d’une plaque de surélévation postérieure fixe. 
Une analyse morphométrique, une estimation de la densité osseuse et une évaluation tri-
dimensionnelle de la microstructure osseuse ont été effectuées. Les deux facteurs expérimen-
taux (consistance de la nourriture et présence d’une plaque de surélévation) ont conduit à une 
adaptation importante de la morphologie latérale de la mandibule chez le rat en croissance. La 
réduction de la capacité fonctionnelle des muscles masticateurs chez les animaux au régime 
alimentaire mou a conduit à une diminution de la surface latérale de la mandibule et de ses 
processus fonctionnels principaux. L’inclinaison du processus condylaire et du plan mandibu-
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laire a également été influencé. L’insertion de la plaque de surélévation et l’altération subsé-
quente de l’environnement biomécanique pendant la mastication a affectée l’inclinaison des 
processus condylaire et alvéolaire de l’incisive. Le processus coronoïde est également devenu 
plus long. Cette insertion a de plus entraîné une inhibition de la croissance verticale du pro-
cessus alvéolaire et un changement important de l’inclinaison du plan occlusal. 
La forme et l’adaptation structurelle de l’os alvéolaire des molaires ont été significative-
ment influencées aussi bien par la consistance de la nourriture que la plaque de surélévation. 
Le régime alimentaire mou et la réduction conséquente des forces intermittentes appliquées à 
l’os alvéolaire pendant la mastication, ont conduit à une réduction de la densité minérale os-
seuse, accompagnée par une diminution du volume et de l’épaisseur de l’os trabéculaire. La 
plaque de surélévation a engendré une force légère et continue. Cette dernière a inhibé 
l’éruption des molaires et la croissance verticale de leur processus alvéolaire. Ceci à conduit à 
un processus alvéolaire plus court et plus épais avec une augmentation de l’épaisseur de l’os 
cortical.  
Les résultats de la présente étude semblent confirmer que la charge mécanique améliore 
les propriétés structurelles de l’os trabéculaire de manière plus effective quand la charge est 
appliquée à intervalles séparés par des périodes de rétablissement (Robling et al., 2002). Mise 
à part l'inhibition de la croissance verticale de l'os alvéolaire, la plaque de surélévation a 
conduit à une modification de la morphologie structurelle de la mandibule qui a été influencée 
par la capacité fonctionnelle des muscles masticateurs. Bien que ces résultats ne peuvent être 
appliqués directement en situation clinique, ils pourraient signifier que les effets d'une plaque 
de surélévation sont différents selon les caractéristiques des muscles masticateurs. Le modèle 
rat employé dans cette étude pourrait s’avérer être un outil utile dans l’investigation in vivo du 
rôle des forces musculaires sur l’adaptation morphologique et structurelle de l’os. 
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2  TEXTE DE SYNTHESE (en anglais) 
 
 
2.1 Introduction 
 
Bone’s elaborate three-dimensional internal structure is constantly adapting to its func-
tional environment, by both modeling and remodeling, through processes that remove existing 
bone and deposit new one. Already at the end of the 18th century, Roux introduced the prin-
ciple of functional adaptation as a self-organizing property of bony tissue, and Wolff (1892) 
summarized the hypotheses of his time in the “law of bone remodeling”, which stipulates that 
bone loading is accompanied by a mathematically predictable internal and external bone ar-
chitecture. More recent evidence suggests that bone remodels in order to best withstand me-
chanical loading. The correspondence among trabecular structure, bone density, and mechani-
cal loading has been demonstrated in several studies (Smitt et al., 1997; Mullender et al., 
1998; Huiskes et al., 2000). A basic assumption in studies of comparative morphology is that 
the skeletal elements reflect, to some degree, their loading environment in vivo.  
The physiologic bone adaptation process is comprised of three major processes: ossifica-
tion, modeling, and remodeling. During the embryonic development, in the early growth 
stages, and during healing, bone tissue is formed on soft fibrous tissue (intramembranous os-
sification) or cartilage (endochondral ossification). Existing bone tissue can increase or de-
crease in dimensions during growth and healing through modeling. On the other hand, remod-
eling is the only physiologic mechanism for bone adaptation in the adult skeleton. It occurs 
from growth through death, and has as purpose the maintenance of bone homeostasis. 
Mechanically mediated bone adaptation has been the subject of numerous experimental 
studies performed in vivo after 1970 (Chamay and Tschantz, 1972; Carter et al., 1980; Rubin 
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and Lanyon, 1982; Rubin and Lanyon, 1984). Their findings led to the elaboration of Frost’s 
“Mechanostat” theory (1987). Frost postulated that the adolescent skeleton is much more sen-
sitive to mechanical stimulus because of its capability of both modeling and remodeling, in 
contrast to the adult skeleton which can only remodel. He believed that mechanical strain has 
to reach a certain threshold in order to initiate bone formation, but if it goes beyond another, 
higher, threshold it is actually bone resorption that it is initiated. According to his theory, 
strains above 4000-5000 microstrain (µ strain) would cause damage in any skeleton and lead 
to a pathologic adaptation response involving resorption by both modeling and remodeling. 
Another approach to the study of mechanically mediated bone adaptation is the use of compu-
tational simulations (Hart et al., 1984; Fyhrie, 1986; Huiskes et al., 1987). These mathemati-
cal models have the ability to predict the bone structure adaptation pattern and partly confirm 
Frost’s theory, but are difficult to validate. 
The muscles provide an important mechanical stimulus for bone formation producing 
greater loads on the bones than body weight (Burr, 1997). A number of clinical (Ueda et al., 
2000; Farella et al., 2003; Garcia-Morales et al., 2003) and animal (Ciochon et al., 1997; Lan-
genbach et al., 2002) studies suggest a relationship between masticatory muscle function and 
skeletal adaptation in the craniofacial region. The functional appliances used in clinical or-
thodontics displace the mandible forward and/or downward, causing stretching of the orofa-
cial soft tissues. The resulting forces are directly or indirectly transmitted to the underlying 
dento-skeletal tissues, which may result in the correction of the existing malocclusion. They 
are widely used for the correction of sagittal and vertical discrepancies in growing patients. 
The bite block is one example of such an appliance, which, when constantly present between 
the upper and lower dentition, is used to disengage the occlusion and/or inhibit tooth eruption 
(Kiliaridis et al., 1990; Kuster and Ingervall, 1992; Sankey et al., 2000). 
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In a rat model, it is known that the functional capacity of the masticatory muscles can be 
altered in a reproducible way by changing the consistency of the food (Kiliaridis and Shyu, 
1988; Kiliaridis et al., 1988; Liu et al., 1998). This model has been previously used in order to 
investigate the effect of prolonged muscular elongation induced by a fixed upper posterior 
bite block on the length of the deep masseter in the growing rat (Bresin et al., 2000). It was 
found that the initial stretching of the muscular tissues initiated an adaptation process, which 
led to the normalization of the length of the muscle belly in 4 weeks. During this period, it 
was shown that the forces exerted by the bite-opening appliance to the lower molars inhibited 
their eruption, as well as the vertical growth of the mandibular alveolar process (Bresin and 
Kiliaridis, 2002). 
The mandible must provide attachment sites for the masticatory muscles and be strong 
enough to withstand the imposed forces, maintaining optimal biometrical relations between 
the articulations, the teeth and the points where muscular forces are applied. The mandibular 
ramus is internally supported by a reinforced beam bearing the incisor at one end, the condyle 
at the other end, and the molars firmly attached in the center. The main bending forces it is 
subjected to, consist of reaction forces on the incisor and on the condyle during incision 
(Weijs and Dantuma, 1975). By calculating the forces acting about the molars during the 
power stroke of mastication, it was found that the jaw is in equilibrium in this position with-
out any loading of the temporomandibular joint. During, however, the incisive stroke of in-
gestion the joint is functioning as a lever of the third order and is heavily loaded (Hiiemae, 
2000). 
Each half of the rat lower jaw (hemi-mandible) consists of different functional units: the 
alveolar process housing the continuously erupting incisors, the alveolar process of the mo-
lars, and the angular, the coronoid, and the condylar processes, which are all sites of muscle 
attachment for the major masticatory muscles (Avis, 1961). The size and shape of these proc-
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esses are dictated by the relative development and organization of the adductor muscles (Burr, 
1997). In the rat, the coronoid process serves primarily as a site of attachment for the tempo-
ral muscle, whereas the masseter and medial pterygoid muscles insert primarily on the angu-
lar process. The anatomy of the coronoid and angular processes is known to reflect the rela-
tive development of the muscles attached to them (Hiiemae, 2000). This makes the rat mandi-
ble an excellent model for studying the effect of an altered loading environment on bone 
modeling and remodeling during growth. 
The aim of the present study was to investigate the shape and structure adaptation of the 
mandible during growth when subjected to an altered masticatory functional and mechanical 
environment. A previously described rat model was adopted (Bresin et al., 2000), in which 
the functional capacity of the masticatory muscles was influenced by changing the food con-
sistency and an alteration of the mechanical demands during mastication was achieved by the 
insertion of a bite-opening appliance (upper posterior bite block). 
 
 
2.2 EXPERIMENTAL DESIGN 
 
The present research project began in Sweden, where the experimental design was ap-
proved by the “Ethical Committee for Animal Research” in the University of Gothenburg, 
Gothenburg, Sweden. The material consisted of 104 four weeks old male albino rats (Sprague 
Dawley). The animals were divided into two groups and were fed with either the standard 
hard or a soft diet. The hard diet consisted of the standard food for rats in the form of pellets 
(R34 flour, Lactamin, Stockholm, Sweden). For the rats fed the soft diet the same flour was 
mixed with water in proportion 1:1 to obtain a soft, porridge-like consistency. After 2 weeks, 
26 animals from each group were sacrificed to serve as reference. Half of the remaining ani-
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mals in each group were fitted with upper posterior bite blocks, while the other half served as 
control (Figure 1). As a result there were 4 
experimental groups of 13 animals each. 
The bite blocks were made of light-cured 
composite resin (Charisma; Heraeus Kul-
zer, Hanau, Germany) and they were ce-
mented under anesthesia on the two maxil-
lary molar rows.  
Since the incisors could not come in 
contact after the immediate insertion of the appliance, biting ability was inevitably impaired. 
To avoid group differences because of this, the control animals had both their upper and 
lower incisors cut under anesthesia with a diamond disc by approximately 2 mm. The incisal 
contact was reestablished in all groups within 1 wk, due to the continuous eruption of the in-
cisors. None of the appliances fell off during the investigation period. Body weight was regis-
tered weekly and the general condition of the animals was monitored on a daily basis. The 
behavior of all animals was consistent throughout the course of the experiment. At the end of 
the experiment (4 wk after the placement of the bite block) the animals were sacrificed and 
their left hemi-mandibles were dissected, defleshed, and fixed in pure alcohol. The material 
was then transferred to the University of Geneva, Geneva, Switzerland.  
Figure 1. The bite block in place (the acrylic is blue). A 
custom-made cheek retractor was used to facilitate the proce-
dure which took place under anesthesia. 
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2.3 METHODS 
 
2.3.1  Morphometric analysis of the lateral shape of the rat mandible [Paper I] 
The rat hemi-mandible has a particular geometry which makes it possible to lie flat on its 
internal side in a stable and repeatable position. Moreover, due to its limited thickness, it 
can be easily transilluminated making visible some of its internal structures, like for ex-
ample, the course of the mandibular canal and the mandibular foramen (Figure 2). Each 
left mandible was placed on top of a custom-made light source lying on its internal side, 
and was photographed using a digital camera fixed on a steady mount with standardized 
configuration settings. The images acquired were subsequently digitized on screen, using 
a customized cephalometric software which gave the possibility to draw the lateral outline 
of the rat mandible with the greatest accuracy possible. Based on anatomical, geometrical, 
and functional criteria, a number of area, angular and linear measurements were calcu-
Figure 2. Left hemi-mandible of the rats used in the study (Sprague Dawley). The mental foramen 
(A) lies in the lateral side and is directly visible, while the mandibular foramen (B) can only be seen 
after transillumination. The rigid black line represents the reference plane for the analysis. The course 
of the mandibular canal is now also visible (small arrows). (C) coronoid process, (D) condylar proc-
ess, (E) angular process, (F) incisor alveolar process, (G) molar alveolar process, (H) upper mandibu-
lar notch, (I) posterior mandibular notch, and (J) digastric fossa (insertion of digastric muscle). 
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lated. Four mean tracings, one for each group, were also constructed and superimposed on 
the plane formed by the mandibular and mental foramens, which is considered to be 
minimally affected during growth (Vilmann et al., 1985). 
 
2.3.2  Three-dimensional micro-computed tomography (micro-CT) [Paper II] 
To obtain a three-dimensional digital image, each mandible was 
scanned dorsoventrally using a micro-CT apparatus (Muller et 
al., 1996; Laib et al., 2000; Ammann et al., 2002). On the origi-
nal 3D image, trabecular bone volume fraction, thickness, and 
number, as well as cortical thickness, were calculated directly 
from the binarized volume of interest (Hildebrand and 
Ruegsegger, 1997). The volume of interest (VOI) was drawn on 
a slice-based method starting from the first slice containing the 
crown of the first molar and moving dorsally 100 slices, in the  
area of the alveolar process between the roots of the molars and 
the root of the incisor (Figure 3).  
 
Figure 3. Contour of the 
volume of interest in a slice 
of the alveolar process. 
2.3.3  Dual-energy x-ray absorptiometry (DXA) [Paper II] 
All mandibles were also scanned with a pencil-beam bone densitometer in order to meas-
ure the mineral bone content (BMC, mg), the bone 
area (cm2) and bone mineral density (BMD, mg/cm2) 
of the molar alveolar process. As it has been suggested 
before for small animals [14], the instrument was set on 
“ultra-high resolution” mode, and a smaller collimator 
(0.9 mm diameter) was placed over the original one. Each hemi-mandible was placed, in 
Figure 4. Region of interest for the DXA 
measurements. 
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a standardized way, in a plastic box filled with 5 cm of normal saline. This has been 
shown to improve edge detection acting as a soft-tissue equivalent [15,16]. The region of 
interest (ROI) was defined as a rectangular area from the level of the mental foramen up 
to, and parallel to the occlusal level (Figure 4). 
 
 
2.4 RESULTS 
 
Both experimental factors under investigation (food consistency and presence of the bite 
block) led to significant adaptation of the lateral morphology of the mandible in the growing 
rat (Figure 5).  The reduced masticatory muscle functional capacity in the animals fed the soft 
diet led to a size reduction of the lateral surface of the mandible and its main functional proc-
HC 
HB 
SC 
SB 
 Figure 5. Superimpositions of the mean tracings on the reference plane. Bite block seems to have resulted in a 
lower level of the occlusal plane, a shorter angular and a longer coronoid process. The condylar and the angular
processes appear to be larger in the animals fed the hard diet. HC: Hard diet Control; HB: Hard diet Bite block; SC: 
Soft diet Control; SB: Soft diet Bite block.  20
esses. The inclination of the condylar process and the mandibular plane were also affected. 
The insertion of the bite-opening appliance and the subsequent alteration of the biomechani-
cal environment during mastication, influenced the inclination of the condylar and the incisor 
alveolar processes, while it also led to a longer coronoid process. It was also associated with 
an inhibition of alveolar process vertical growth and a significant change of the inclination of 
the occlusal plane.  
Molar alveolar bone shape and structure adaptation was significantly affected by both 
food consistency and bite block (Table 1). Soft diet and the consequent reduction of the in-
termittent forces applied to the alveolar bone during mastication, resulted in a reduction of 
bone mineral density, accompanied by decreased trabecular bone volume and thickness. The 
bite block applied to the molars and the molar alveolar process a continuous light force, 
which inhibited the eruption of the former and the vertical growth of the latter. This resulted 
in a shorter, thicker alveolar process, with an increase of cortical thickness.  
 
Table 1. Main and interaction effects of the two experimental factors (food consistency and bite block) on the 
microstructural data obtained through micro-computed tomography (micro-CT) a
 
 
 Experimental groups Main factors and  interaction 
 HC (n = 9) HB (n = 9) SC (n = 9) SB (n = 9) Soft Diet 
Bite 
Block 
Inter- 
action 
BV/TV (%) 0.39 ±  0.04 f 0.38 ± 0.07 0.33 ± 0.05 d 0.37 ± 0.05 ↓ b ns ns 
Tb.Th. (µm) 170.0 ±  16.8 f, g 165.0 ±  20.6 150.7 ±  16.1 d 153.2 ±  15.3 d ↓ c ns ns 
Tb.N. (1/mm) 3.40 ±  0.21 3.30 ±  0.20 3.33 ±  0.26 3.38 ±  0.24 ns ns ns 
Tb.Sp. (µm) 278.0 ±  25.8 299.1 ±  23.7 294.8 ±  26.3 292.0 ±  21.1 ns ns ns 
Cort.Th. 3.80 ±  0.03 3.83 ±  0.04 f 3.74 ±  0.13 e, g 3.85 ±  0.05 f ns ↑ c ns 
Notes. 
a All data represent mean ± SD. n, number of rats in each group; H, hard diet; S, soft diet; C, control; B, bite block; BV/TV, 
trabecular bone volume fraction; Tb.Th., trabecular thickness; Tb.N., trabecular number; Tb.Sp., trabecular separation; 
Cort.Th., cortical thickness. 
b, c Significant effect at p<0.05, p<0.01, respectively; ns, non-significant effect; ↑ and ↓, direction of the effect. 
d, e, f, g Significant difference (p<0.05) from the group HC, HB, SC, and SB, respectively (post hoc comparison). 
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2.5 DISCUSSION 
 
Two experimental factors, the insertion of a bite-opening appliance (fixed upper bite 
block) and the change of food consistency, were employed in this research project in order to 
investigate the effect of different masticatory functional and mechanical demands on the mor-
phologic and structural adaptation of the mandibular bone in young growing rats. The 2 mm 
thick appliance, interposed between the upper and lower dentition, caused the stretching of 
the masticatory muscles and the exertion of a low continuous forces on the functional proc-
esses of the mandible, altering simultaneously the geometry of the mandibular loading 
stresses. On the other hand, soft diet, and the consequent reduction of masticatory mechanical 
demands, resulted in lower masticatory muscle functional capacity. The intermittently applied 
forces generated during mastication were significantly reduced in the animals fed the soft 
diet. The interaction of food consistency (hard vs. soft diet) and insertion of the appliance 
(control vs. bite block) was one of the main focuses of the experimental design adopted. 
Laboratory rats have the advantage of being genetically homogenous, which diminishes 
one of the main factors that may cause large variation in clinical studies. Moreover, rats are 
easy to handle and comparatively inexpensive, while the fact that they have been used in a 
number of similar studies makes more meaningful the comparison of the results. The presence 
of the bite block or the consistency of the diet did not seem to interfere with normal growth, 
since body weight was not different between groups at the end of the experiment. A tempo-
rary deceleration of body weight gain was observed immediately after the insertion of the 
bite-opening appliance (and the shortening of the incisors in the remaining animals), but it 
was the same in all animals. The methodological approaches in this investigation yielded 
highly accurate, but only cross-sectional data. Therefore, although the acquired information 
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allowed precise and reliable comparisons between groups, it did not permit longitudinal in-
vestigation of the sample.  
It has been shown that the functional capacity of the masticatory muscles can be altered 
in a reproducible way by changing the consistency of the food in the rat (Kiliaridis and Shyu, 
1988; Kiliaridis et al., 1988; Liu et al., 1998). This model was adopted in this study to inves-
tigate the possible influence of masticatory muscle capacity on the shape and structure adapta-
tion of the mandible after the insertion of the bite block. The insertion of an upper posterior 
block changes dynamically the functional environment of the stomatognathic system. The 
growing mandible adapts morphologically to this environment through both bone modeling 
and remodeling. Since the data from the four experimental groups examined in this study 
were cross-sectional, the dimensional changes which occurred during the last 4 wk of the ex-
periment could only be approximated as a percentage of increment using as reference values 
those obtained from the two reference groups. 
In this study the morphometric analysis of the lateral shape of the rat mandible was fol-
lowed by the investigation of molar alveolar bone structure by means of micro-computed to-
mography (micro-CT). Alveolar bone was selected because it receives direct mechanical 
loading during mastication, and is probably, therefore, the most affected region of the mandi-
ble in the case of different functional and mechanical masticatory demands. This does not 
exclude important bone structural adaptation in other regions such as the coronoid and the 
angular processes which are sites of muscle insertion, the body of the mandible which is sub-
jected to bending stresses during mastication, or the condylar process which is heavily loaded 
during function.  
No synergistic or antagonistic interaction between the two experimental factors could be 
established based on the findings of this study. However, through their simultaneous action, 
the effect on the lateral morphology of the mandible and the structure of the molar alveolar 
 23
bone was found to be variable, depending of whether their influence was towards the same or 
the opposite direction. Soft diet, for example, tended to reinforce or cancel the effect of the 
bite-opening appliance.  
The advantage of the posterior bite block, compared to an appliance that would have kept 
the mandible in a protruded position, is that it allowed free anteroposterior and jaw-opening 
movements. The presence, however, of the appliance might have influenced function during 
mastication, especially in the group on the hard diet. The bite block used in this study was 2 
mm thick anteriorly and 1 mm thick posteriorly. On a human scale, this would probably cor-
respond to the vertical opening of the original Harvold activator. It should also be noted that 
the growth intensity in the rat between the 21st and 70th day of its life span, i.e. during the ex-
perimental period, is much higher than that occurring during a few months of orthopedic 
treatment. 
The results of the present study seem to confirm that mechanical loading is more effec-
tive in enhancing trabecular bone structural properties when the loading is applied in discrete 
intervals, separated by recovery periods (Robling et al., 2002). Although they cannot be ap-
plied directly in clinical orthodontics, it is tempting to make the following hypothesis: the 
effect of a bite block both on tooth eruption and mandibular growth might be different in sub-
jects with different masticatory muscle characteristics. This may not be obvious in everyday 
clinical practice, but it could be fundamental in the treatment of extreme cases (masticatory 
muscle hypo- or hyper-activity, bruxism, neuromuscular disorders, etc.). The rat model em-
ployed in this study could prove to be a useful tool for the in vivo investigation of the role of 
muscular forces on the shape and structure adaptation of bone. 
 
 
 
 24
2.6 REFERENCES 
 
Ammann P, Laib A, Bonjour JP, Meyer JM, Ruegsegger P, Rizzoli R. Dietary essential amino acid 
supplements increase bone strength by influencing bone mass and bone microarchitecture in o
riectomized adult rats fed an isocaloric low-protein diet. J Bone Miner Res 2002;17:1264-72. 
va-
Ammann P, Rizzoli R, Meyer JM, Bonjour JP. Bone density and shape as determinants of bone 
strength in IGF-I and/or pamidronate-treated ovariectomized rats. Osteoporos Int 1996;6:219-27. 
Ammann P, Rizzoli R, Slosman D, Bonjour JP. Sequential and precise in vivo measurement of bone 
mineral density in rats using dual energy x-ray absorptiometry. J Bone Miner Res 1992;7:311-6. 
Avis V. The significance of the angle of the mandible: An experimental and comparative study. Am J 
Phys Anthropol 1961;19:55-61. 
Bresin A, Bagge U, Kiliaridis S. Adaptation of normal and hypofunctional masseter  muscle after bite-
raising in growing rats. Eur J Oral Sci 2000;108:493-503. 
Bresin A, Kiliaridis S. Dento-skeletal adaptation after bite-raising in growing rats with different masti-
catory muscle capacities. Eur J Orthod 2002;24:223-37. 
Burr BD. Muscle strength, bone mass and age-related bone loss. J Bone Miner Res 1997;12:1547-
1551. 
Carter DR, Smith DJ, Spengler DM, Daly CH, Frankel VH. Measurement and analysis of in vivo bone 
strains on the canine radius and ulna. J Biomech 1980;13:27-38. 
Chamay A, Tschantz P. Mechanical influences in bone remodeling. Experimental research on Wolff's 
law. J Biomech 1972;5:173-80. 
Ciochon RL, Nisbett RA, Corruccini RS. Dietary consistency and craniofacial development related to 
masticatory function in minipigs. J Craniofac Genet Dev Biol 1997;17:96-102. 
Farella M, Bakke M, Michelotti A, Rapuano A, Martina R. Masseter thickness, endurance and exer-
cise-induced pain in subjects with different vertical craniofacial morphology. Eur J Oral Sci 
2003;111:183-8. 
Frost HM. Bone "mass" and the "mechanostat": a proposal. Anat Rec 1987;219:1-9. 
Fyhrie DP, Carter DR. A unifying principle relating stress to trabecular bone morphology. J Orthop 
Res 1986;4:304-17.   
 25
Garcia-Morales P, Buschang PH, Throckmorton GS, English JD. Maximum bite force, muscle effi-
ciency and mechanical advantage in children with vertical growth patterns. Eur J Orthod 
2003;25:265-72. 
Hart RT, Davy DT, Heiple KG. A computational method for stress analysis of adaptive elastic materi-
als with a view toward applications in strain-induced bone remodeling. J Biomech Eng 
1984;106:342-50. 
Hiiemae KM. Feeding in mammals. In: Feeding. Form, function, and evolution in tetrapoid verte-
brates. Academic Press, 2000;411-48. 
Hildebrand T, Ruegsegger P. Quantification of Bone Microarchitecture with the Structure Model In-
dex. Comput Methods Biomech Biomed Engin 1997;1:15-23. 
Huiskes R, Ruimerman R, Van Lenthe GH, Janssen JD. Effects of mechanical forces on maintenance 
and adaptation of form in trabecular bone. Nature 2000;405:704-6. 
Huiskes R, Weinans H, Grootenboer HJ, Dalstra M, Fudala B, Slooff TJ. Adaptive bone-remodeling 
theory applied to prosthetic-design analysis. J Biomech 1987;20:1135-50. 
Kiliaridis S, Egermark I, Thilander B. Anterior open bite treatment with magnets. Eur J Orthod 
1990;12:447-57. 
Kiliaridis S, Engstrom C, Thilander B. Histochemical analysis of masticatory muscle in the growing 
rat after prolonged alteration in the consistency of the diet. Arch Oral Biol 1988; 33:187-93. 
Kiliaridis S, Shyu BC. Isometric muscle tension generated by masseter stimulation after prolonged 
alteration of the consistency of the diet fed to growing rats. Arch Oral Biol 1988;33:467-72. 
Kuster R, Ingervall B. The effect of treatment of skeletal open bite with two types of bite-blocks. Eur J 
Orthod 1992;14:489-99. 
Laib A, Barou O, Vico L, Lafage-Proust MH, Alexandre C, Rugsegger P. 3D micro-computed tomo-
graphy of trabecular and cortical bone architecture with application to a rat model of immobilisa-
tion osteoporosis. Med Biol Eng Comput 2000;38:326-32. 
Langenbach GE, Zhang F, Herring SW, Hannam AG. Modelling the masticatory biomechanics of a 
pig. J Anat 2002;20: 383-93. 
Lanyon LE, Rubin CT. Static vs dynamic loads as an influence on bone remodelling. J Biomech 
1984;17:897-905. 
 26
Liu ZJ, Ikeda K, Harada S, Kasahara Y, Ito G. Functional properties of jaw and tongue muscles in rats 
fed a liquid diet after being weaned. J Dent Res 1998;77:366-76. 
Mullender M, van Rietbergen B, Ruegsegger P, Huiskes R. Effect of mechanical set point of bone 
cells on mechanical control of trabecular bone architecture. Bone 1998;22:125-31. 
Muller R, Hahn M, Vogel M, Delling G, Ruegsegger P. Morphometric analysis of non-invasively 
assessed bone biopsies: comparison of high-resolution computed tomography and histologic sec-
tions. Bone 1996;18:215-20. 
Robling AG, Hinant FM, Burr DB, Turner CH. Improved bone structure and strength after long-term 
mechanical loading is greatest if loading is separated into short bouts. J Bone Miner Res 
2002;17:1545-54. 
Rubin CT, Lanyon LE. Limb mechanics as a function of speed and gait: a study of functional strains in 
the radius and tibia of horse and dog. J Exp Biol 1982;101:187-211. 
Sankey WL, Buschang PH, English J, Owen AH 3rd. Early treatment of vertical skeletal dysplasia: the 
hyperdivergent phenotype. Am J Orthod Dentofac Orthop 2000;118:317-27. 
Smit TH, Odgaard A, Schneider E. Structure and function of vertebral trabecular bone. Spine 
1997;22:2823-33. 
Ueda HM, Miyamoto K, Saifuddin M, Ishizuka Y, Tanne K. Masticatory muscle activity in children 
and adults with different facial types. Am J Orthod Dentofac Orthop 2000;118:63-8. 
Vilmann H, Juhl M, Kirkeby S. Bone-muscle interactions in the muscular dystrophic mouse. Eur J 
Orthod 1985;7:185-192. 
Weijs WA, Dantuma R. Electromyography and mechanics of mastication in the albino rat. J Morph 
1975;146:1-34. 
Wolff J. The law of bone remodeling. [Translation of “Das Gesetz der Transformation der Knochen”. 
Hirshwald A, Berlin, 1892]. Springer-Verlag, Berlin 1986. 
Yamauchi H, Kushida K, Yamazaki K, Inoue T. Assessment of spine bone mineral density in ovariec-
tomized rats using DXA. J Bone Miner Res 1995;10:1033-9. 
 27
3  PUBLICATION ORIGINALE I 
 
 28
Morphometric analysis of the mandible in growing rats 
with different masticatory functional demands: adapta-
tion to an upper posterior bite block 
I  
 
Anestis Mavropoulos1, Andrea Bresin2, Stavros Kiliaridis1
 
1 University of Geneva, Geneva, Switzerland 
2  Public orthodontic clinic, Lund, Sweden 
 
 
 
3.1 Abstract 
 
 
Functional appliances displace the mandible forward and/or downward, causing the stretching of the 
orofacial soft tissues, muscles included. The resulting forces are directly or indirectly transmitted to 
the underlying dento-skeletal tissues. The hypothesis underlying the present investigation is that the 
insertion of a bite-opening appliance influences the lateral morphology of the rat mandible during 
growth, and that, moreover, this influence depends on the masticatory functional demands. One hun-
dred-four 4-wk-old male albino rats were divided into two groups, fed a hard and soft diet, respec-
tively. After 2 wk, half of the animals in each experimental group were fitted with upper posterior 
blocks and 4 wk later they were sacrificed. Their left hemi-mandibles were transilluminated, photo-
graphed under magnification, and digitized on screen. A total of 170 points were used to draw the 
lateral outline of the mandible. Apart from the inhibitory effect on the height of the dentoalveolar 
process, the upper bite block resulted in significant changes in the condyle inclination, the length of 
the coronoid process, and the occlusal plane inclination. Masticatory functional demands influenced 
this adaptation in an additive way. The results raise the question of whether orthodontic treatment with 
posterior bite blocks might have different effects on the mandible depending on the characteristics of 
the orofacial soft tissues. (Eur J Oral Sci, in print) 
 
 
Key words: orthodontics; rat mandible; bite block; masticatory functional demands; food consistency; 
morphometric analysis 
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3.2 Introduction 
 
Although for many years a matter of controversy, functional appliances are widely used for 
the correction of sagittal and vertical occlusal discrepancies in growing patients. By defini-
tion, the term functional is applied to a class of mainly removable appliances, which utilize 
the muscle action of the patient to produce orthodontic or orthopedic forces. They generally 
displace the mandible forward (e.g. the Andresen activator) and downward (e.g. posterior bite 
block), causing stretching of the orofacial soft tissues, including muscles. The resulting forces 
are directly or indirectly transmitted to the underlying dento-skeletal tissues, which may result 
in the correction of the existing malocclusion. Treatment with functional appliances is often 
successful, but its outcome, even without cooperation problems, is variable and certainly not 
guaranteed (1-3), probably due to individual variation regarding the musculo-skeletal charac-
teristics of the craniofacial complex.  
Masticatory muscle capacity is known to vary significantly between individuals. Both bite 
force (4) and thickness of the masseter muscle (5) were found to be largely variable among 
young individuals. On an experimental level, using a rat model, it has been proven that the 
functional capacity of the masticatory muscles can be altered in a reproducible way by chang-
ing the consistency of the food (6-8). This model was used in a recent study which attempted 
to investigate the effect of prolonged muscular elongation induced by posterior bite block on 
the length of the deep masseter in growing rats with different masticatory muscle capacities 
(9). It was found that after the initial stretch of the muscular tissues, an adaptation process 
took place, which led to the normalization of the length of the muscle belly in 4 wk. The in-
sertion of such an appliance triggers, moreover, a dento-skeletal adaptive response of the 
whole craniofacial complex, as has been shown in previous studies on growing rats (10, 11). 
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In those studies, however, the information on the morphological adaptation of the mandible 
was extremely limited.  
Each half of the rat lower jaw (hemi-mandible) consists of different functional units: the 
angular, the coronoid, and the condylar processes, which are all sites of muscle attachment for 
the major masticatory muscles, the alveolar process housing the continuously erupting inci-
sors, and the alveolar process of the molars (12). The size and shape of these processes are 
dictated by the relative development and organization of the adductor muscles, since it is 
known that these muscles provide the major mechanical stimulus for bone formation (13). 
This makes the rat mandible an excellent model for studying the effect of an altered loading 
environment on the growth and remodeling of bone.  
The aim of this study was to investigate the effect of an upper posterior bite block on the 
dentoalveolar and skeletal morphologic adaptation of the mandible in the growing rat, with 
emphasis on the role of the masticatory functional demands in this adaptation.  
 
 
3.3 Materials and methods 
 
The present study was based on the same material as a recent publication by the last two au-
thors (11). The experiment was carried out on 104 young male albino rats (Sprague Dawley; 
B&K Universal, Södertälje, Sweden). When obtained from Charles River (Uppsala, Sweden), 
they were 3 wk old and weighed approximately 60 g. They were kept in quarantine for 1 wk 
according to the rules of the laboratory animal department. The experimental design was ap-
proved by the Ethical Committee for Animal Research in Göteborg, Sweden.  
The animals were divided into two groups and were fed with either hard or soft diet. The 
hard diet consisted of the standard food for rats in the form of pellets (R34 flour, Lactamin, 
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Stockholm, Sweden). For the rats fed the soft diet, the same flour was mixed with water in 
proportion 1:1 to obtain a soft, porridge-like consistency. Body weight was recorded weekly 
to monitor the growth and health of each animal.  
After 2 wk, 26 animals from each group were sacrificed to serve as references. They were 
designated as the “young hard diet” (YH) and the “young soft diet” (YS) reference groups. 
Half of the remaining animals in each group 
were fitted with upper posterior bite blocks 
(Fig. 1), while the other half served as con-
trol. As a result there were 4 subgroups of 
13 animals each, designated the “hard diet 
bite block” (HB), the “soft diet bite block” 
(SB), the “hard diet control” (HC), and the 
“soft diet control” (SC) experimental 
groups. The bite blocks were made of light-cured composite resin (Charisma; Heraeus Kulzer, 
Hanau, Germany), pressed into a custom-made mould and light-cured (Litema Halogen Plura 
flex HL 250 EC; Litema, Munich, Germany). The size of the appliance was 7 x 3 mm, and it 
was 2 mm thick above the first molar and 1 mm thick above the third molar. The appliance 
was cemented under anesthesia on the two maxillary molar rows with Vitrebond cement (3M 
Dental Products Division, St. Paul, MN, USA), light-cured for 40 s. Since the incisors could 
not come in contact after the immediate insertion of the appliance, biting ability was im-
paired. To avoid group differences because of this, the control animals had both their upper 
and lower incisors cut under anesthesia with a diamond disc by approximately 2 mm. The 
incisal contact was reestablished in all groups within 1 wk due to the continuous eruption of 
the incisors. None of the appliances fell off during the investigation period. The general be-
havior of all the animals was consistent throughout the duration of the experiment.  
Fig. 1. The bite block in place (the acrylic is blue). A custom-
made cheek retractor was used to facilitate the procedure 
which took place under anesthesia. 
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At the end of the experiment (4 wk after the placement of the bite block) the animals were 
sacrificed in a CO2 chamber. Their mandibles, as well as the mandibles of the younger ani-
mals, were dissected, defleshed, and separated at the symphysis into their two halves. Each 
left hemi-mandible was subsequently thoroughly defleshed and fixed in pure alcohol. The rat 
hemi-mandible has a particular geometry which makes it possible to lie flat on its internal side 
in a stable and reproducible position. Moreover, due to its limited thickness, it can be easily 
transilluminated making visible some of its internal structures, like for example the course of 
the mandibular canal and the mandibular foramen (Fig. 2). To perform the morphometric 
analysis in this study, each left mandible was placed lying on its internal side on top of a cus-
tom-made light source and was photographed using a digital camera fixed on a steady mount 
(Coolpix 4500; Nikon, Tokyo, Japan) with standardized configuration settings (aperture f/5.1, 
shutter speed 1/30 s, and magnification of 2.6).  
Fig. 2. Left hemi-mandible of the rats used in the study (Sprague Dawley). The mental foramen (A) 
lies in the lateral side and is directly visible, while the mandibular foramen (B) can only be seen after 
transillumination. The rigid black line represents the reference plane for the analysis. The course of 
the mandibular canal is now also visible (small arrows). (C) coronoid process, (D) condylar process, 
(E) angular process, (F) incisor alveolar process, (G) molar alveolar process, (H) upper mandibular 
notch, (I) posterior mandibular notch, and (J) digastric fossa (insertion of digastric muscle). 
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The images acquired were subsequently transferred to a personal computer and digitized 
(furthermore magnified) on screen, using a customized cephalometric software (Viewbox 
3.01; D. Halazonetis, Athens, Greece). A new, innovative feature of this software gives the 
possibility to trace an object using custom-made shapes, called ‘snakes’, which can increase 
dramatically the number of digitized points used to delimit the anatomic outlines. These line 
contours can be adjusted to follow the outline of skeletal structures or soft-tissues. Each pre-
defined shape is comprised of a predetermined number of automatically derived, evenly dis-
tributed, digitized points. In this 
study, eight anatomically defined 
‘snakes’ were manually adjusted to 
the corresponding part of each rat 
mandible. In this way, it was made 
possible to use a total of 164 digi-
tized (including the mandibular and 
mental foramina) and 6 derived 
points in order to draw the lateral outline of the rat mandible with the greatest accuracy possi-
ble (Fig. 3). Based on anatomical, geometrical, and functional criteria, a total of 17 area, an-
gular and linear measurements were calculated (Fig. 4). The plane defined by the mental and 
the mandibular foramina was used as reference plane, since it is considered to be minimally 
affected by growth (14, 15). Combining the digital tracings, it was possible to construct four 
mean tracings, one for each group, which were subsequently superimposed on the same refer-
ence plane (Fig. 5). In a further effort to make an estimation of the percentage of change dur-
ing the last 4 wk of the experiment, the values obtained from the four experimental groups 
were compared to those from the two reference groups, which consisted of animals sacrificed 
Fig. 3. The arrows divide the lateral shape of the mandible in the 8 
“snakes” used in this study. Each “snake” was comprised of many digi-
tized points, making possible the exact reconstruction of the shape. The 
small circles represent the derived points (explained in Fig. 4). 
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2 wk after the beginning of the experiment and immediately before the placement of the bite 
blocks and the creation of the final experimental groups. 
Fig. 4. The variables under investiga-
tion. The solid black circles corre-
spond to the mental and mandibular 
foramens which define the reference 
plane. 1: the area of the external surface of 
the hemi-mandible, including the condylar 
process, excluding the teeth; 2: the area of 
the condylar process, delimited by the 
condylar tangent (tangent to both upper and 
posterior mandibular notches); 3: the angle 
formed by the perpendicular from the most 
posterior and superior part of the condyle to 
the condylar tangent and the reference 
plane; 4: the angle formed by the axis of the 
incisor alveolar process and the reference 
plane. (incisor alveolar axis: a line from the 
midpoint between  the upper and lower 
aspect of the  incisor alveolar crest to the 
midpoint between the deepest part of the 
incisor alveolar curvature and the edge of 
the digastric fossa; 5: the angle formed by 
the lower border of the mandible and the 
reference plane; 6: the angle formed by the 
occlusal plane and the reference plane; 7: 
the maximal distance of the condyle from 
the condylar tangent; 8: the maximal dis-
tance between the mental foramen and the 
condyle; 9: the maximal distance between 
the mental foramen and the coronoid proc-
ess; 10: the maximal distance between the 
mental foramen and the angular process; 
11: the distance between the condylar 
tangent points; 12: the maximal vertical 
distance of the coronoid process from the 
reference plane; 13: the maximal vertical 
distance of the angular process from the 
reference plane; 14: the distance between 
the reference plane and the deepest point of 
the  alveolar crest of the third molar; 15: the 
distance between the reference plane and 
the deepest point of the alveolar crest of the 
first molar; 16: the distance between the 
reference plane and the mesial cusp of the 
third molar; 17: the distance between the 
reference plane and the middle cusp of the 
first molar.  
 
 
Statistical analysis 
 
All data are represented as mean and standard deviation (mean ± SD). To investigate the mor-
phological differences between the four experimental groups, Multivariate Analysis of Vari-
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ance  (MANOVA) statistical procedure was employed using as factors the consistency of the 
food (hard vs. soft) and the presence of the bite block (control vs. bite block). Even if there 
was no difference of body weight between the groups (one-way analysis of variance), it was 
decided to use body weight as covariate in order to avoid any possibility of bias due to differ-
ent body size. 
All statistical analyses were performed using the SPSS statistical package (SPSS 11.5; SPSS, 
Chicago, IL, USA). A result was considered statistically significant at p < 0.05. 
 
Error of the method 
 
The whole measurement procedure was repeated in 25 of the mandibles 2 wk after the initial 
measurements. The error the method was calculated according to the formula: Se=√∑d2/2n, 
where ∑d2 is the sum of the squared differences between pairs of recordings and n is the num-
ber of duplicate measurements (16). It varied between 0.19 and 1.49 mm2 for the area meas-
urements, between 0.33 and 0.72 degrees for the angular, and between 0.04 and 0.18 mm for 
the linear measurements. The coefficient of reliability (17) was also calculated using the for-
mula (1-Se2/St2)*100, where Se2 is the variance of the error and St2 is the total variance of the 
sample. It was found to be above 96.7% for all measurements with the exception of “Occlusal 
posterior height” where it was 95.5%. A paired t-test was also applied to all duplicate 
measurements in order to exclude the possibility of any systematic error. 
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3.4 Results 
 
Body weight was monitored throughout the 
experiment (Fig. 6). The mean body weight was 
109 ± 8 g at the beginning of the experiment. A 
temporary deceleration of body weight gain 
was observed immediately after the insertion of 
the bite-opening appliance (and the shortening 
of the incisors in the remaining animals). Body 
weight was not significantly different between 
groups at the end of the experimental period 
(HC: 364 ± 27 g; HB: 343 ± 31 g; SC: 353 ± 20 g; S
 
Bite block and soft diet had a significant effect 
study (Table 1). It was not possible to detect statistic
tagonistic) between these two factors, which therefo
tive effect on the values obtained. Both factors were
condylar process areas, and they affected in the sam
dibular plane inclination (were both found less steep
angular process (was shorter). The molar alveolar cr
anteriorly and posteriorly (was lower with the bite b
the bite block had a significant effect on the inclinat
steeper) and the inclination of the occlusal plane (wa
with a longer coronoid process and an infra-position
resulted in a decrease of the width of the condylar pr
process.  
 Fig. 6. Linear plot of mean body weight throughout the
course of the experiment. Time is given in weeks after 
the beginning of the experiment. HC: Hard diet Control; 
HB: Hard diet Bite block; SC: Soft diet Control; SB: Soft diet B: 353 ± 26 g). 
on the majority of the variables under 
ally any interaction (synergistic or an-
re can be considered to have only an addi-
 associated with reduced total bone and 
e way the condylar process and the man-
) as well as the vertical dimension of the 
est height was inversely affected both 
lock but higher with the soft diet). Only 
ion of the incisor alveolar process (was 
s less steep), while it was also associated 
 of the occlusal level. Soft diet per se 
ocess and the height of the coronoid 
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Table 1 
Mean values and standard deviation (in brackets) of the variables under study for each of the reference and ex-
perimental groups. The multivariate analysis of variance (MANOVA) was applied in order to investigate the 
effect of the bite block, the soft consistency of the food, or their interaction, between the four experimental 
groups. [YH: Young Hard diet; YS: Young Soft diet; HC: Hard diet Control; HB: Hard diet Bite block; SC: Soft diet Con-
trol; SB: Soft diet Bite block.] 
 
 
 
REFERENCE 
GROUPS 
(6 wk old) 
EXPERIMENTAL 
GROUPS  
(10 wk old) 
Multivariate Analysis 
of Variance 
 VARIABLES YH YS HC HB SC SB Bite Block 
Soft 
Diet 
Intera-
ction 
 
Area Measurements (mm2)          
1 Total bone area 143.00 (9.42) 
138.73
(8.26) 
195.45 
(6.03) 
186.06 
(8.06) 
186.31 
(6.15) 
181.43 
(8.79) ↓,  *** ↓, *** ns 
2 Condylar process area 17.07 (1.32) 
17.06 
(1.27) 
24.04 
(0.75) 
23.21 
(1.29) 
22.08 
(1.27) 
21.61 
(1.38) ↓, * ↓, *** ns 
 Angular Measurements (o)          
3 Condylar process inclination 23.28 (4.07) 
20.24 
(3.88) 
20.69 
(2.32) 
18.39 
(3.10) 
15.15 
(3.11) 
12.84 
(3.61) ↓, ** ↓, *** ns 
4 Incisor alveolar process inclination 37.44 (2.15) 
37.07 
(2.03) 
35.57 
(1.19) 
36.90 
(1.01) 
36.15 
(1.73) 
37.40 
(1.35) ↑, *** ns ns 
5 Mandibular plane inclination 14.50 (2.63) 
13.02 
(2.70) 
15.62 
(1.70) 
14.27 
(0.99) 
14.31 
(1.61) 
13.75 
(1.08) ↓, * ↓, * ns 
6 Occlusal plane inclination 17.84 (1.89) 
18.91 
(2.62) 
19.39 
(2.34) 
15.18 
(1.58) 
18.88 
(2.43) 
16.34 
(2.22) ↓, *** ns ns 
 Linear Measurements (mm)          
7 Condylar process length 4.65 (0.32) 
4.86 
(0.18) 
5.76 
(0.18) 
5.82 
(0.22) 
5.85 
(0.19) 
5.99 
(0.50) ns ns ns 
8 Mental foramen – Condyle process 18.06 (0.57) 
18.13 
(0.34) 
21.04 
(0.25) 
21.09 
(0.50) 
20.92 
(0.32) 
21.60 
(1.77) ns ns ns 
9 Mental foramen – Coronoid process 14.57 (0.70) 
14.36 
(0.31) 
16.96 
(0.36) 
17.14 
(0.58) 
16.56 
(0.47) 
17.62 
(1.60) ↑, * ns ns 
10 Mental foramen – Angular process 17.41 (0.55) 
17.17 
(0.41) 
20.15 
(0.40) 
19.94 
(0.56) 
19.90 
(0.32) 
20.35 
(1.68) ns ns ns 
11 Condylar process base width 6.68 (0.50) 
6.71 
(0.53) 
7.85 
(0.30) 
7.63 
(0.23) 
7.51 
(0.21) 
7.62 
(0.65) ns ↓, *** ns 
12 Height of coronoid process 5.43 (0.32) 
5.36 
(0.28) 
6.30 
(0.19) 
6.29 
(0.24) 
6.14 
(0.18) 
6.31 
(0.43) ns ↓, * ns 
13 Height of angular process 6.74 (0.55) 
6.46 
(0.68) 
8.06 
(0.36) 
7.64 
(0.23) 
7.64 
(0.39) 
7.69 
(0.72) ↓, *** ↓, *** ns 
14 Molar alveolar posterior height 1.97 (0.19) 
2.06 
(0.14) 
2.26 
(0.10) 
2.04 
(0.17) 
2.35 
(0.12) 
2.18 
(0.24) ↓, *** ↑, * ns 
15 Molar alveolar anterior height 2.28 (0.23) 
2.36 
(0.11) 
2.64 
(0.15) 
2.40 
(0.16) 
2.75 
(0.13) 
2.52 
(0.28) ↓, *** ↑, * ns 
16 Occlusal posterior height 2.56 (0.17) 
2.51 
(0.12) 
2.88 
(0.10) 
2.50 
(0.13) 
2.86 
(0.10) 
2.59 
(0.25) ↓, *** ns ns 
17 Occlusal anterior height 3.45 (0.21) 
3.42 
(0.10) 
3.96 
(0.15) 
3.31 
(0.16) 
3.90 
(0.12) 
3.44 
(0.35) ↓, *** ns ns 
Small arrows ↑ and ↓: denote the direction of the effect of the independent variables, increase and decrease of the value, respectively 
* p<0.05, ** p<0.01, *** p<0.001 
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The mean tracings of the four experimental groups were also superimposed on the refer-
ence plane in an effort to visualize the morphological differences between them (Fig. 5). The 
condylar and the angular processes seemed larger in the animals fed the hard diet, while the 
coronoid process appeared to be longer in the animals with the bite block. Both the vertical 
position of the molars and the inclination of the incisor were also significantly different in the 
animals with the bite-raising appliance. 
HC 
HB 
SC 
SB 
 
 
sec
per
tho
thaFig. 5. Superimpositions of the mean tracings on the reference plane. Bite block seems to have resulted in a 
lower level of the occlusal plane, a shorter angular and a longer coronoid process. The condylar and the angular
processes appear to be larger in the animals fed the hard diet. HC: Hard diet Control; HB: Hard diet Bite block; SC: 
Soft diet Control; SB: Soft diet Bite block. Since the data from the four experimental groups examined in this study were cross-
tional, the dimensional differences which were observed during the last 4 wk of the ex-
iment could only be approximated as a percentage of increment using as reference values 
se obtained from the two reference groups (Table 2). From these data it can be inferred 
t although an increase of the occlusal height of around 14% should be expected between 
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the 6th and 10th wk in the rat, the presence of a bite block during this period led to a decrease 
of around 3%. This happened irrespective of the consistency of the diet, which, in turn, af-
fected significantly the area and the width of the base of the condylar process. In the rats fed 
the hard diet a 41% increase of the condylar process area was observed, in contrast with those 
fed the soft diet where it was only 29% (36% and 27% respectively for the animals with the 
bite block). 
 
Table 2 
Percentage of change of the variables under study for each of the experimental groups during the last 
four weeks of the experiment, as approximated by comparing them with the younger, reference, groups. 
[HC: Hard diet Control; HB: Hard diet Bite block; SC: Soft diet Control; SB: Soft diet Bite block.] 
 
 
 
 Estimated percentage of change  
during the last four weeks 
 
VARIABLES 
HC HB SC SB 
 Area Measurements (mm2)     
1 Total bone area 36.7% 30.1% 34.3% 30.8% 
2 Condylar process area 40.8% 36.0% 29.4% 26.7% 
 Linear Measurements (mm)     
7 Condylar process length 23.9% 25.1% 20.4% 20.5% 
8 Mental foramen – Condylar process 16.5% 16.8% 15.4% 16.5% 
9 Mental foramen – Coronoid process 16.3% 17.6% 15.3% 19.9% 
10 Mental foramen – Angular process 15.7% 14.6% 15.9% 15.8% 
11 Condylar process base width 17.6% 14.3% 12% 11.1% 
12 Height of coronoid process 16.1% 15.9% 14.5% 15.1% 
13 Height of angular process 19.6% 13.3% 18.3% 16.4% 
14 Molar alveolar posterior height 14.6% 3.5% 14.2% 3.7% 
15 Molar alveolar anterior height 15.9% 5.4% 16.5% 4.4% 
16 Occlusal posterior height 12.4% -2.3% 14% 0.8% 
17 Occlusal anterior height 14.9% -3.9% 14.1% -1.5% 
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3.5 Discussion 
 
The upper posterior bite block was found to have a significant effect on the lateral morphol-
ogy of the rat mandible during growth. The dentoalveolar and the functional processes were 
the sites of major adaptation. The soft diet had an additive effect on this adaptation, having 
the tendency to reinforce or cancel the effect of the appliance depending on the specific re-
gion under study. 
Laboratory rats have the advantage of being genetically homogenous, which diminishes 
one of the main factors that may cause large variation in clinical studies. Moreover, rats are 
easy to handle and comparatively inexpensive, while the fact that they have been used in a 
number of similar studies makes the comparison of the results more meaningful. For the pur-
pose of this study all the rat hemi-mandibles were transilluminated, photographed in a stan-
dard configuration, and transferred to a personal computer in order to be analyzed using a 
customized cephalometric software. In a recent study, it has been shown that photographic 
analysis of the rat hemi-mandible is more reliable than radiographic analysis (18). This is 
probably due to problems with landmark identification and projection errors. On the other 
hand, photographic analysis can only provide cross-sectional data. The plane formed by the 
mental and the mandibular foramens was chosen as a reference plane (14), since the endo-
skeleton of the rat mandible, including these two anatomical features, has been found to be 
the most stable structure during development (19). 
The lower masticatory functional demands in the animals fed the soft diet, were associated 
in this study with a smaller condylar process, less wide at the base and less steep, and a verti-
cally reduced angular process. This is in line with previous studies, which reported a reduc-
tion of the size of the ramus, a more posteriorly directed growth of the condyle, and a shorter 
vertically angular process (20-22). The conclusions of two further studies were in the same 
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direction, although they are not directly comparable due to methodological differences (18, 
23). 
The insertion of an upper posterior bite block initiated an adaptive process which resulted 
in the overall reduction of the size of the mandible, with a smaller condylar process and a less 
vertically developed angular process, but with a longer coronoid process. The mandible grew 
in a posterior growth pattern, both mandibular and occlusal planes became less steep, and the 
incisor alveolar process was more inclined in relation to the body of the mandible at the end 
of the experiment. There was a significant inhibitory effect (or even intrusion) on the eruption 
of the molars and the height of the alveolar bone crest. This is in agreement with the few pre-
vious studies on experimental animals with a comparable design (10, 24). The present study is 
largely based on the same material as a recent cephalometric investigation (11). In that cepha-
lometric study, the placement of bone markers at the beginning of the experiment made it 
possible to measure longitudinally the repositioning of certain anatomical landmarks in the 
mandible during the course of the experiment. In line with the findings of the present study, 
less bone apposition at the lower border of the angular process was found in the animals 
wearing the bite blocks. 
No synergistic or antagonistic interaction between the two experimental factors could be 
established based on the findings of this study. However, through their simultaneous action, 
the effect on the mandibular morphology was found to be variable. In one case, the presence 
of the bite block tended to cancel the effect of the soft diet (molar alveolar height), but in gen-
eral both experimental factors acted in the same direction, reinforcing the resulting effect in 
an additive way.  
A basic assumption in studies of comparative morphology is that the skeletal elements re-
flect, to some degree, their loading environment in vivo. The mandible can be considered a 
structure that maintains optimal biometrical relations between the articulations, the teeth and 
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the points where muscular forces are applied. HIIEMAE (25) calculated the forces acting about 
the molars during the power stroke of mastication, and concluded that the jaw is in equilib-
rium in this position without any loading of the temporomandibular joint. She found, how-
ever, that during the incisive stroke of ingestion the joint is functioning as a lever of the third 
order and is then heavily loaded. In the case of the hard diet the incisor is used to cut the food 
pellets into smaller pieces, which are then chewed between the molars during mastication. To 
eat the soft food the incision process is not necessary, and so the joint, and consequently the 
condyle, is not loaded. This could explain the smaller size and change of inclination of the 
condylar process in the rats fed the soft diet.  
The mandible must also provide attachment sites for the muscles and be strong enough to 
withstand the imposed forces. In the rat, the coronoid process serves primarily as a site of 
attachment for the temporal muscle, whereas the masseter and medial pterygoid muscles in-
sert primarily on the angular process. The anatomy of the coronoid and angular processes is 
known to reflect the relative development of the muscles attached to them (26). There are 
several theories which describe the dynamic relationship between mechanical loading stimuli 
and the biological response of the bone. One of them, Frost’s mechanostat theory, maintains 
that loading force has to reach a certain threshold in order to initiate bone formation, but if it 
goes beyond another, higher, threshold it is actually bone resorption that it is initiated (27). 
This could provide a credible explanation of the vertical reduction of the angular process (too 
much continuous compressive force from the stretching of the masseter muscle), or the elon-
gation of the coronoid process (more pulling force but below the resorption threshold from 
the stretching of the temporalis muscle). Another explanation could be that these changes are 
simply the result of remodeling activity in order to eliminate the factor which interferes with 
growth, e.g. the bite block. 
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The insertion of an upper posterior block changes dynamically the functional environment 
of the stomatognathic system. The mandible adapts morphologically to this environment 
mostly through bone remodeling (apposition or resorption). The mandibular ramus is inter-
nally supported by a reinforced beam bearing the incisor at one end, the condyle at the other 
end, and the molars firmly attached in the center. The main bending forces it is subjected to, 
consist of reaction forces on the incisor and on the condyle during incision (28). The changes 
in the inclination of the condylar and the incisor alveolar processes, could be attributed to the 
adaptive reshaping of the mandible in order to better withstand the new loading geometry. 
Another hypothesis could be that the posterior rotation of the mandible after the insertion of 
the appliance, alters the equilibrium between the incisor and the lower lip, the latter exerting 
more pressure to the former. This has been shown to happen clinically during treatment with 
different bite block modalities (29, 30). 
As expected, the bite block resulted in significant inhibition of the eruption of the molars. 
In the case of the animals fed the hard diet, an absolute intrusion of the molars seems to have 
taken place, as estimated after the comparison with the younger animals which served as ref-
erence. The height of the alveolar bone crest was also influenced. One probable explanation is 
that, as commonly assumed, the alveolar crest height increases during growth with continuing 
tooth eruption unless affected by marginal inflammation (31). 
The advantage of the posterior bite block, compared to an appliance that would have kept 
the mandible in a protruded position, is that it allows free antero-posterior and jaw-opening 
movements. The presence, however, of the appliance might have influenced function during 
mastication, especially in the group on the hard diet. The bite block used in this study was 2 
mm thick anteriorly and 1 mm thick posteriorly. On a human scale, this would probably cor-
respond to the vertical opening of the original Harvold activator. It should also be noted that 
the growth intensity of the rat between the 21st and 70th day of its life span, i.e. during the 
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experimental period, is much higher than that occurring during a few months of orthopedic 
treatment. In any case, however, the findings of this study raise a number of questions regard-
ing the possible effect of functional appliances on the morphology of the human mandible. 
Although the results of the present study cannot be applied directly in clinical orthodontics, it 
is tempting to make the following hypothesis: the effect of a bite block both on tooth eruption 
and mandibular growth might be different in subjects with different masticatory muscle char-
acteristics (e.g. contractive capacity, tensile strength, elasticity, tonicity). This may not be 
obvious in the everyday clinical practice, but it could be fundamental in the treatment of ex-
treme cases (masticatory muscle hypo- or hyper-activity, bruxism, neuromuscular disorders, 
etc.). 
 
 
3.6 Conclusions 
 
Significant differences of the lateral morphology of the mandible were observed in a group of 
growing rats after insertion of an upper posterior bite block compared to the control. Bone 
growth was affected in the functional units of the mandible as a consequence of either direct 
(molar alveolar process, sites of muscle insertion) or indirect (condylar and incisor alveolar 
processes) mechanical loading. Masticatory functional demands (food consistency) influenced 
this adaptation in an additive way. The results of this study raise the question of whether the 
effects of orthodontic treatment with posterior blocks during growth might depend on the in-
dividual masticatory muscle characteristics. 
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4.1 Abstract 
 
The influence of masticatory functional and mechanical demands on the structural adaptation 
of the alveolar bone has not been investigated in both animals and humans. The effect of two 
experimental factors, the insertion of a bite-opening appliance and the alteration of food 
consistency, was investigated in young growing rats, with a particular emphasis on three-
dimensional bone microstructure. Thirty-six male albino rats were divided into two equal 
groups, fed with either the standard hard diet or soft diet, at the age of 4 weeks. After 2 
weeks, half of the animals in both groups had their upper molars fitted with an upper posterior 
bite block, an appliance similar to those used in clinical orthodontics. The remaining animals 
served as a control. After another 4 weeks the animals were sacrificed and their left hemi-
mandibles were excised. Bone mineral density (BMD) and bone microstructure parameters of 
the alveolar process were subsequently measured, using dual-energy x-ray absorptiometry 
(DXA) and micro-computed tomography (micro-CT). The alveolar process width was also 
measured. Both experimental factors led to significant shape and structure modification of the 
mandibular alveolar bone in the growing rat. The bite block applied a continuous light force, 
which was associated with an inhibition of alveolar process vertical growth and a significant 
increase of cortical thickness. Soft diet and the consequent reduction of the intermittent forces 
applied to the alveolar bone during mastication, resulted in a reduction of bone mineral den-
sity, accompanied by decreased trabecular bone volume and thickness. This rat model could 
prove to be a useful tool for the in vivo investigation of the role of muscular forces on the 
shape and structure adaptation of bone. (Bone, in print) 
 
Key Words: Micro-computed tomography (micro-CT); Dual-energy absorptiometry (DXA); 
Orthodontics; Mandibular alveolar bone; Masticatory muscle capacity
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4.2 Introduction 
 
Bone’s elaborate three-dimensional internal structure is constantly adapting to its func-
tional environment, by both modeling and remodeling, through processes that remove existing 
bone and deposit new one. The muscles provide an important mechanical stimulus for bone 
formation. A number of clinical [1-3] and animal [4,5] studies suggest a relationship between 
masticatory muscle function and skeletal adaptation in the craniofacial region. The functional 
appliances used in clinical orthodontics displace the mandible forward and/or downward, 
causing stretching of the orofacial soft tissues. The resulting forces are directly or indirectly 
transmitted to the underlying dento-skeletal tissues, which, ideally, adapt in the desired way. 
The bite block is one example of such an appliance, which, when constantly present between 
the upper and lower dentition, is used to disengage the occlusion and/or inhibit tooth eruption 
[6-8]. 
There are a number of studies investigating the effect of mechanical loading on bone, but 
the great majority of them focus on the bones of the axial and peripheral skeleton. There are 
many things that make mandibular bone considerably different. The mandible is formed in-
tramembranously. Its unique shape differs significantly from that of the long bones which are 
usually the subject of analogous studies. Both ends of the mandible are articulated with the 
skull and function under normal circumstances in a symmetrical and parallel way. The man-
dibular alveolar process bears the lower dentition and the forces developed during mastication 
are transmitted to the mandibular bone through the teeth and the periodontal tissues which 
function as shock absorbers. Orthodontics and implant prosthetics are two major fields of 
dentistry where knowledge of the structural adaptation of the alveolar bone to mechanical 
loading is of extreme importance. 
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In a rat model, it is known that the functional capacity of the masticatory muscles can be 
altered in a reproducible way by changing the consistency of the food [9-11]. This model has 
been previously used in order to investigate the effect of prolonged muscular elongation in-
duced by a fixed upper posterior bite block on the length of the deep masseter in the growing 
rat [12]. It was found that the initial stretching of the muscular tissues initiated an adaptation 
process, which led to the normalization of the length of the muscle belly in 4 weeks. During 
this period, it was shown that the forces exerted by the bite-opening appliance to the lower 
molars inhibited their eruption, as well as the vertical growth of the mandibular alveolar proc-
ess [13]. 
In this study, the same experimental model was employed in order to investigate the effect 
of different masticatory functional and mechanical demands on the microstructural adaptation 
of the mandibular alveolar bone in the growing rat. Bone microstructure was analyzed in three 
dimensions using the technique of micro-computed tomography (micro-CT), while bone min-
eral density was measured using dual-energy x-ray absorptiometry (DXA).  
 
4.3 Materials and Methods 
 
Materials 
Thirty-six young male albino rats (Sprague Dawley; B&K Universal, Södertälje, Sweden) 
were obtained from Charles River (Uppsala, Sweden) at the age of 3 weeks, weighing ap-
proximately 60 gr. They were kept in quarantine for 1 week according to the rules of the labo-
ratory animal department. The experimental design was approved by the “Ethical Committee 
for Animal Research” in Göteborg, Sweden. 
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Experimental design 
The animals were divided into two equal groups. The first group was fed with a hard diet, 
which consisted of the standard food for rats in the form of pellets (R34 flour, Lactamin, 
Stockholm, Sweden). The second group was fed a soft diet, which was obtained from R34 
flour mixed with water in a 1:1 proportion to obtain a soft, porridge-like consistency. Food 
was available ad libitum. Body weight was recorded weekly to monitor the growth and health 
of each animal. 
After 2 weeks, half of the animals in both 
groups had their upper molars fitted with an 
upper posterior bite block, an appliance 
similar to those used in clinical orthodontics 
(Fig. 1). The remaining animals served as a 
control. This resulted in having 4 groups of 
9 animals each, designated as the “hard diet 
bite block” (HB), the “soft diet bite block” 
(SB), the “hard diet control” (HC), and the “soft diet control” (SC). The bite blocks were 
made of light-cured composite resin (Charisma; Heraeus Kulzer, Hanau, Germany), pressed 
into a custom-made mould and light-cured (Litema Halogen Plura flex HL 250 EC; Litema, 
Munich, Germany). They were cemented under anesthesia on the two maxillary molar rows 
with VitrebondTM cement (3M Dental Products Division, St. Paul, MN, USA), and light-cured 
for 40 seconds. Their surface area was 7x3 mm2, and they were 2 mm thick at the level of the 
first molar and 1 mm thick at the level of the third molar.  
Fig. 1. The bite block in place. A custom-made cheek retrac-
tor was used to facilitate the procedure which took place 
under anesthesia. 
Biting ability was inevitably impaired directly after the insertion of the appliance, due to 
the fact that there was no contact between the incisors. The control animals had their incisors 
cut (under anesthesia) with a diamond disc by approximately 2 mm, in order to avoid group 
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differences. The incisal contact was reestablished in all groups within 1 week, due to the con-
tinuous eruption of the incisors. None of the appliances were dislocated during the investiga-
tion period. The general behavior of all animals was consistent throughout the duration of the 
experiment.  
At the end of the experiment (four weeks after placement of the appliance) the animals 
were sacrificed in a CO2 chamber. Their mandibles were dissected and separated at the sym-
physis into their two halves (Fig. 2A). Each left hemi-mandible was subsequently thoroughly 
defleshed and fixed in pure alcohol.  
A C 
B 
Fig. 2. A. Photograph of the external side of a left rat hemi-mandible. (a) incisor alveolar process, (b) 
molar alveolar process, (c) coronoid process, (d) condylar process, and (e) angular process. The horizontal 
dashed line represents the occlusal level; B. Region of interest for the DXA measurements; C. Contour of 
the volume of interest in a slice corresponding to the vertical dashed line in A. 
 
Dual-energy x-ray absorptiometry (DXA) 
All mandibles were scanned using dual-energy x-ray absorptiometry (DXA) with a pencil-
beam bone densitometer (Hologic QDR-1000; Waltham, MA), in order to measure the min-
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eral bone content (BMC, mg), the bone area (cm2) and bone mineral density (BMD, mg/cm2) 
of the molar alveolar process. As it has been suggested before for small animals [14], the in-
strument was set on “ultra-high resolution” mode, and a smaller collimator (0.9 mm diameter) 
was placed over the original one. Each hemi-mandible was placed, in a standardized way, in a 
plastic box filled with 5 cm of normal saline. This has been shown to improve edge detection 
acting as a soft-tissue equivalent [15,16]. The region of interest (ROI) was defined as a rec-
tangular area from the level of the mental foramen up to, and parallel to the occlusal level. Its 
length was equal to the length of the molar dentition (Fig. 2B). The coefficient of variance 
(CV = SD/mean) was found to be 1.01%. Since BMD was calculated two-dimensionally, the 
width of the alveolar process was also measured using a digital caliper with a resolution of 
0.01mm, in order to investigate its effect on the results obtained (CV = 0.69%). 
 
Micro-computed tomography (micro-CT) 
To obtain a three-dimensional digital image, each mandible was scanned dorsoventrally 
using a micro-CT apparatus (µCT 40, Scanco Medical AG, Bassersdorf, Switzerland) as pre-
viously described [17-19]. In summary, three-dimensional images of each hemi-mandible 
were acquired with a voxel size of 20 µm in all spatial directions. No sample preparation was 
needed, and the mandibles were secured in a cylindrical sample holder in air. The resulting 
gray-scale images were segmented using a low-pass filter to remove noise, and a fixed 
threshold to extract the mineralized bone phase. The resolution was set to medium (500 pro-
jections with 1024 samples each), and both slice thickness and slice increment were set to 
21µm. The volume of interest (VOI) was drawn on a slice-based method starting from the 
first slice containing the crown of the first molar and moving dorsally 100 slices, in the  area 
of the alveolar process between the roots of the molars and the root of the incisor. Trabecular 
bone was carefully contoured on the first and the last slice, while the intermediate slices were 
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first interpolated by morphing (Fig. 2C). Each slice was subsequently visually inspected and 
the contour was modified where deemed necessary.  
On the original 3D image, microstructural indices were calculated directly from the bi-
narized VOI. Total volume (TV) was the volume of the whole sample examined. Bone vol-
ume (BV) was calculated using tetrahedrons corresponding to the enclosed volume of the 
triangulated surface. Mean trabecular thickness (Tb.Th.) was determined from the local thick-
ness at each voxel representing bone [20]. Trabecular number (Tb.N.) was calculated by tak-
ing the inverse of the mean distance between the middle axes of the structure, and trabecular 
separation (Tb.Sp.) by applying the technique used for the direct thickness calculation to the 
non-bone parts of the 3D image. The whole acquiring procedure was repeated another 4 times 
for 4 mandibles chosen at random, in order to calculate the coefficient of variation (CV). It 
ranged from 1.05% to 2.25%, for Tb.Th and BV/TV, respectively.  
 
Statistical analysis 
All data are represented as mean and standard deviation (mean ± SD). Analysis of variance 
(ANOVA) was applied in order to detect any differences between groups. Multiple analysis 
of variance was used to investigate the main and interaction effects of the two experimental 
factors [consistency of the food (hard vs. soft), and insertion of the bite block (control vs. bite 
block)] on the microstructural and densitometric variables under study. The Bonferroni test 
was employed to perform post hoc comparisons between groups. Pearson’s correlation coeffi-
cient was used to test for significant correlations between some of the variables under study. 
All statistical analyses were performed using the SPSS statistical package (SPSS 11.5, 
SPSS Inc., Chicago, IL). A result was considered statistically significant at p < 0.05. 
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4.4 Results 
 
Body weight, alveolar process width, area of region of interest, and volume of interest 
Body weight was not found to differ significantly between the four experimental groups at 
any time point (Fig. 3). A temporary and parallel deceleration of body weight gain was ob-
served immediately after 
both the insertion of the 
bite-opening appliance 
(groups HB and SB) and 
the shortening of the inci-
sors (groups HC and SC). 
On the other hand, alveolar 
width, area of region of 
interest (ROI), and volume 
of interest (VOI), were all 
found to be different be-
tween the groups at the end of th
that both insertion of the bite blo
ess. Both, area of ROI, and VOI 
finding which is explained by th
and vertical growth of the alveola
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 Fig. 3. Linear plot of mean body weight throughout the course of the exper
ment. Time is given in weeks after the beginning of the experiment. There 
were no significant differences between groups. H, hard diet; S, soft diet; C, 
control; B, bite block e experiment (Table 1). Further analysis of the data revealed 
ck and hard diet were associated with a wider alveolar proc-
were found to be smaller in the groups with the bite block, a 
e inhibitive effect of this appliance on both molar eruption 
r process.  
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Table 1 
Comparison of final body weight, alveolar process width, area of the region of interest used for DXA measure-
ments, and volume of interest used for micro-CT measurements, between groups a
 HC (n = 9) HB (n = 9) SC (n = 9) SB (n = 9)  
Body weight (g) 365.3 ± 22.3 351.0 ± 29.4 356.6 ± 21.2 362.2 ± 25.5 ns 
Alveolar width (mm) 2.69 ± 0.08 d 2.79 ± 0.11d, e 2.51 ± 0.08 b, c 2.62 ± 0.11 c *** 
Area of ROI (mm2) 3.98 ± 0.14 c, e 3.47 ± 0.15 b, d 3.90 ± 0.15 c, e 3.60 ± 0.18 b, d *** 
VOI (mm3) 3.66 ± 0.53 c, e 2.72 ± 0.49 b, d 3.52 ± 0.38 c, e 2.50 ± 0.33 b, d *** 
 
Notes. 
a All data represent mean ± SD. n, number of rats in each group; H, hard diet; S, soft diet; C, control; B, bite block; BMD, 
bone mineral density; ROI, region of interest; VOI, volume of interest. 
*** Analysis of variance showed significant difference between groups at p<0.001; ns, non-significant difference. 
b, c, d, e Significant difference (p<0.05) from the group HC, HB, SC, and SB, respectively (post hoc comparison). 
 
 
Bone mineral density 
Alveolar process width 
was added as a covariate 
in the multiple analysis of 
variance of the two-
dimensional BMD data 
(Fig. 4). It was previously 
established that alveolar 
width affected signifi-
cantly the BMD values 
obtained in a positive 
way. Thus, it served as a contr
term in the model in order to 
Soft diet led to lower BMD, w
enced the BMD of the alveol
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 Fig. 4. Comparison of DXA measurements between groups. Data represent mean ± 
SEM. Multiple analysis of variance revealed that soft diet had a significant effect on
the bone mineral density of the alveolar process (p<0.05). The alveolar width was 
found to have also a significant effect (p<0.001) and was used as covariate. H, hard 
diet; S, soft diet; C, control; B, bite block; * and ***, significant difference at p<0.05 and 
p<0.001, respectively (post hoc comparison) ol variable for the main, independent factors, reducing the error 
make the statistical evaluation of the results more meaningful. 
hile the insertion of the bite block did not seem to have influ-
ar process. In the animals fed the soft diet the bite block in-
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creased the bone mineral density, although this was not statistically significant. However, no 
interaction was found between these two factors.  
 
Microstructural data 
The results of the multiple analysis of variance are shown in Table 2. Soft diet decreased 
both trabecular bone volume fraction [BV/TV] (p<0.05) and trabecular thickness [Tb.Th.] 
(p<0.01), although this was more evident in the control groups. All the other microstructural 
parameters were not affected significantly. The insertion of the bite block had as a conse-
quence a significant increase of the cortical thickness [Cort.Th.] (p<0.01), which was more 
pronounced in the animals fed the soft diet. A positive correlation (p<0.001) was established 
between the bone mineral density values and BV/TV (r=0.68), Tb.Th. (r=0.63), and alveolar 
width (r=0.69). 
 
Table 2 
Main and interaction effects of the two experimental factors (food consistency and bite block) on the microstruc-
tural data obtained through micro-computed tomography (micro-CT) a
 
 Experimental groups Main factors and  interaction 
 HC (n = 9) HB (n = 9) SC (n = 9) SB (n = 9) Soft Diet 
Bite 
Block 
Inter- 
action 
BV/TV (%) 0.39 ±  0.04 f 0.38 ± 0.07 0.33 ± 0.05 d 0.37 ± 0.05 ↓ b ns ns 
Tb.Th. (µm) 170.0 ±  16.8 f, g 165.0 ±  20.6 150.7 ±  16.1 d 153.2 ±  15.3 d ↓ c ns ns 
Tb.N. (1/mm) 3.40 ±  0.21 3.30 ±  0.20 3.33 ±  0.26 3.38 ±  0.24 ns ns ns 
Tb.Sp. (µm) 278.0 ±  25.8 299.1 ±  23.7 294.8 ±  26.3 292.0 ±  21.1 ns ns ns 
Cort.Th. 3.80 ±  0.03 3.83 ±  0.04 f 3.74 ±  0.13 e, g 3.85 ±  0.05 f ns ↑ c ns 
Notes. 
a All data represent mean ± SD. n, number of rats in each group; H, hard diet; S, soft diet; C, control; B, bite block; BV/TV, 
trabecular bone volume fraction; Tb.Th., trabecular thickness; Tb.N., trabecular number; Tb.Sp., trabecular separation; 
Cort.Th., cortical thickness. 
b, c Significant effect at p<0.05, p<0.01, respectively; ns, non-significant effect; ↑ and ↓, direction of the effect. 
d, e, f, g Significant difference (p<0.05) from the group HC, HB, SC, and SB, respectively (post hoc comparison). 
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4.5 Discussion 
 
Two experimental factors, the insertion of a bite-opening appliance (fixed upper bite 
block) and the change of food consistency, were used in this study in order to investigate the 
effect of different masticatory functional and mechanical demands on the architecture of the 
alveolar bone in the growing rat. The 2 mm thick appliance, interposed between the upper and 
lower molars, caused an interincisal opening of 4 mm, and a stretching of the masticatory 
muscles [12] which exerted a low continuous force on the mandibular alveolar process. This 
was associated with a significant increase of cortical thickness. On the other hand, soft diet, 
and the consequent reduction of masticatory functional and mechanical demands, resulted in 
lower alveolar bone density and mass.  
It has previously been shown that it is possible to experimentally induce reproducible 
changes of the masticatory muscle functional capacity by altering the consistency of the food 
in the rat [9-11]. This model was adopted in the present study in order to investigate the pos-
sible influence of muscle capacity on the structural adaptation of the mandibular alveolar 
bone after the insertion of a bite block. The advantage of the posterior bite block, compared to 
an appliance that would have kept the mandible in a protruded position, is that it allows free 
anteroposterior and jaw-opening movements. On the other hand, it might also have impaired 
food grinding in the animals which were fed the hard diet, changing the masticatory func-
tional demands. The interaction of food consistency (hard vs. soft diet) and insertion of the 
appliance (control vs. bite block) was one of the main focuses of this study. 
Laboratory rats have the advantage of being genetically homogenous, which diminishes 
one of the main factors that may cause large variation in clinical studies. In the present study, 
a model of growing rats was used in order to investigate the adaptation of bone structure un-
der the influence of muscular force application of different magnitude or frequency, during 
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growth. The presence of the bite block or the consistency of the diet did not seem to interfere 
with normal growth, since body weight was not different between groups throughout the 
course of the experiment. In this study, the insertion of the bite block, which represents a con-
tinuous application of a low magnitude force, contrasted with the intermittent normal and low 
force development during the mastication of hard and soft diet, respectively.  
In the rat, the forces developed during incision have been estimated to range from 2 to 25 
N (but mainly below 8 N) depending on the hardness of the food. They are of relatively short 
duration (40-160 ms). During chewing (and swallowing), however, forces are of lower magni-
tude (4 N), but of a relatively long duration (160-680 ms) [21]. By measuring the tetanic (ac-
tive) tension in Sprague-Dawley male rats fed the normal (hard) diet or a soft diet for a pro-
longed period, it can be extrapolated that maximal bite force is around 12% lower in the case 
of the soft consistency of the food [9]. When the food is available ad libitum eating frequency 
has been estimated to be around 30 times per day in the rat [22]. Soft food does not require 
cutting (incision) or grinding (chewing). The forces, however, developed during swallowing 
are comparable to those developed during pellet grinding. These different levels of force 
magnitude and frequency produced different effects on the alveolar bone shape during its 
growth. 
The insertion of the bite block forces the mandible to function from an initial position of 
interincisal opening (in this study around 4 mm since the bite block was 2 mm thick between 
the first molars) where masticatory muscles are stretched. The passive tension developed as a 
consequence has been estimated to be around 0.3 N for an interincisal opening of 4 mm [9, 
23]. This light force was constantly present in the rats wearing the bite blocks. It must be 
noted, however, that after placement of a bite block an adaptation process is initiated (e.g. 
length adaptation of masticatory muscle aponeurosis or bone modeling during growth) which 
probably leads to a reduction of the forces exerted [12]. The bite block had an inhibitive effect 
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on both molar eruption and vertical growth of the alveolar process, as has been shown previ-
ously [13, Mavropoulos et al., unpublished data]. This was demonstrated in this study by a 
reduction of both the area of region of interest (ROI) used for DXA measurements, and the 
volume of interest (VOI) used for micro-CT measurements, in the groups wearing the appli-
ance.  
The effect of these two experimental conditions on bone density was investigated non-
invasively using dual-energy x-ray absorptiometry (DXA). Specially modified for small ani-
mals, it has been found to be highly accurate and precise [14,24-26], although rarely used to 
measure BMD in specific areas of the rat mandible [27-29]. DXA provides a two-dimensional 
estimation of the true bone mineral density and is known to be influenced by bone thickness 
[30,31]. In the present study, the width of the alveolar process was found to be significantly 
correlated to the BMD values obtained. Since it was also different between groups, it was 
used as a covariate in multiple analysis of variance, in order to “normalize” the statistical 
evaluation of the BMD results. It has to be noted that the lower molars were included in the 
region of interest and this may have resulted in an overestimation of bone mineral content. 
However, since the entire tooth was always included, and there was no difference of tooth 
size between groups, this overestimation was the same in all groups. Soft diet induced a sig-
nificant decrease of BMD. This is in agreement with a previous study where bone density was 
estimated in terms of mm of aluminium-equivalent thickness [32]. The bite block did not have 
a significant effect on BMD, although in the soft diet group it led to higher (not significant, 
n=9) bone mineral density.  
In order to further investigate a potential selective action on the cortical and trabecular 
bone, a micro-CT analysis was also performed. The results clearly indicated that the bite 
block significantly increased the cortical thickness irrespective of the food consistency, 
though this was more pronounced in the soft diet group. This could represent an adaptation to 
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constant low increment of muscle strength on cortical structure inducing the apposition of 
new bone on the periosteum (modeling). This shape modification was also demonstrated by 
an increase of alveolar thickness. In contrast, the bite-opening appliance did not seem to have 
influenced the trabecular bone volume fraction or thickness. A plausible hypothesis is that 
mechanical loading is more effective in enhancing trabecular bone structural properties when 
the loading is applied in discrete bouts, separated by recovery periods, as has been found be-
fore [33].  
This is probably the reason why food consistency, which affects the magnitude of the in-
termittently applied muscular forces during mastication, significantly influenced the trabecu-
lar bone volume and thickness. Soft diet led to lower values of trabecular bone volume frac-
tion and thickness. This could be the result of decreased bone formation, which is always ob-
served in cases of  physical inactivity [34] or reduced gravity [35,36]. As an example, space 
flight has been shown to cause a delay in the normal maturation of bone and mineral matrix in 
the mandible of the rat [37].  
The correlation between trabecular structure, bone density, and mechanical loading has 
been demonstrated in several studies [38,39], and is confirmed by the findings of this study. It 
has been previously suggested that the osteoregulatory influence of mechanical loading is 
most effective during growth [40]. Both experimental factors, the insertion of a bite block and 
the soft diet, led to significant shape and structure modification of the mandibular alveolar 
bone in the growing rat. Irrespective of the food consistency, the bite block applied a continu-
ous light force which was associated with a reduction of the total bone volume (inhibition of 
alveolar process vertical growth) and a significant increase of cortical thickness. On the other 
hand, soft diet and the consequent reduction of the intermittent forces applied to the alveolar 
bone during mastication, resulted in a reduction of bone mineral density accompanied by de-
creased trabecular bone volume and thickness. The rat model employed in this study could 
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prove to be a useful tool for the in vivo investigation of the role of muscular forces on the 
shape and structure adaptation of bone.  
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